After exposure of human embryonic fibroblasts to BK virus, virus particles adsorbed to the plasma membrane were engulfed by pinocytosis or captured by vesicles, possibly originating from the endoplasmic reticulum, within 2 h after infection. Most of the virus particles were then transported into lysosomes or into the nucleus, while a small amount of virus was found free in the cytoplasm. Virus particles entered the nucleus between ~ and 12 h after infection, were still detectable in the nucleus at 24 h after infection and became morphologically undiscernible at 3o h after infection, suggesting that a nuclear uncoating mechanism was active between 24 and 30 h after infection. Virus progeny started to appear in the nucleus of infected cells at 4 days after infection, but not until 7 to 8 days after infection did the virus escape into the cytoplasm and cell degeneration became evident. The possible explanations for the long replicative cycle of BK virus are discussed.
INTRODUCTION
Over the past two years several investigations have been carried out on the biological, antigenic and structural properties of BK virus (Miintyj/ir4i, Arstila & Meurman, 1972; Takemoto & Mullarkey, 1973; Mullarkey, Hruska & Takemoto, 1974; Barbanti-Brodano et al. I975) , a human papovavirus "originally isolated by Gardner et aL (T97I) from the urine of a patient receiving a kidney graft. The interest in BK virus has increased after the observation that infection is very common through all age groups in human populations (Gardner, I973; Shah, Daniel & Warszawski, 1973; Portolani et al. 1974) and that it induces malignant transformation of hamster cells (Major & Di Mayorca, I973; Portolani, Barbanti-Brodano & La Plata, 1975) .
The morphological features of BK virus, studied by negative staining, are similar to those of simian virus 4o (SV4o) and polyoma virus (Madeley, 1972) . The virus has a cubic symmetry, a size.of 4o to 45 nm and a capsid composed of 72 skewed capsomeres. Also some of the biological and antigenic properties of BK virus are similar to those of SV4o (Gardner et al. 1971 ; Penney & Narayan, 1973; Takemoto & Mullarkey, 1973; Mullarkey et al. 1974) but while the ultrastructural aspects of the uptake and development of SV4o are well documented (Oshiro et al. 1967; Hummeler, Tomassini & Sokol, I97O) , nothing is known at the ultrastructural level about the interaction of BK virus with permissive cells. In the present study we describe the results of an ultrastructural analysis of the different phases of the infection of human embryonic fibroblasts by BK virus.
METHODS

Cells and virus.
Human embryonic flbroblasts (HEF) were obtained by trypsinization of a 8-week-old embryo and were cultured in Eagle's minimum essential medium (MEM) supplemented with Io ~ foetal bovine serum (FBS). The cells used in these experiments were at the I2th passage. Vero cells were cultured in MEM plus 5 ~ FBS.
BK virus was kindly supplied by Dr Sylvia D. Gardner and was grown in Vero cells. The virus was fitrated in HEF by the fluorescent antibody (FA) focus assay according to Aaronson & Todaro (197o) and by haemagglutination of type O human erythrocytes according to Portolani et al. (I974) . Virus stocks were produced by infecting Vero cells at the multiplicity of o-ooi FA focus-forming units (f.f.u.) per cell. After adsorbing the virus for 2 h, MEM plus I ~ FBS was added to the cultures. Medium was changed once a week and cells were frozen between 3 and 4 weeks after infection, when the c.p.e, involved all the cell monolayer. These pools had a titre of 2. 5 × IO 4 H.A.U./ml and 9"5 x io ~ FA f.f.u./ml.
Concentration and purification of virus. BK virus was concentrated and purified following a procedure already described for SV4o Swetly & Koprowski, 197o) . Briefly, the crude virus pools were concentrated by pelleting the virus at IO5OOOg for 3 h at 4 °C in the type 3o rotor of a Spinco centrifuge. The pellets were resuspended, treated with I ~ deoxycholate for 3o rain at 37 °C and centrifuged at 75ooog for 3 h on a KBr solution saturated at 15 °C in o.o2 M-tris-HC1 buffer, pH 7"4 (tris buffer). Full virus particles, collected from the lower band in the KBr solution, were centrifuged twice to equilibrium in a CsC1 solution in tris buffer (average density 1.34 g/ml)for 24 h at 154ooo g in the SW 39 rotor ofa Spinco centrifuge. The virus band located at the density of 1-34 g/ml was collected, dialysed against Hanks's basal salt solution, brought to 5 ~ with respect to FBS and used throughout all the experiments. The purified virus preparation had an infectious titre of 2"9 × lO 8 FA f.f.u./ml and a haemagglutinating titre of 8 × Io 7 H.A.U./ml, corresponding to 2. 4 × io lzt physical particles/ml (M/intyj~irvi et al. 1972 ). The purified virus had a E26o[E2so ratio of 1.39, a value indicating the absence of significant amounts of coreless virus shells in purified SV4o preparations (Koch et al. 1967) . Negative staining of the purified BK virus pool used in these experiments showed that empty particles represented 2. 7 ~ of the virus inoculum (Fig. I) .
Infection of cell cultures and electron microscopy. Monolayer cultures of HEF were infected at a multiplicity of 300 FA f.f.u./cell. At IO, 20, 3o, 6o, 12o rain after infection the inoculum was decanted from some of the cultures which were then washed 3 times with phosphate-buffered saline (PBS). The cell monolayers were immediately fixed in situ with 1.7 ~o glutaraldehyde in I M-phosphate buffer, postfixed in I ~ OsO~ in veronal buffer, dehydrated and embedded as described previously (Laschi & Rizzoli, 1968) . The inoculum was withdrawn at I2O rain after infection from all the remaining cultures, which were washed as described above and fed with MEM plus 5 ~ FBS. The cells of these cultures were fixed and processed for electron microscopy at 12, 24, 30, 48 h and 4, 5, 6, 8, IO days after infection.
Immunofluorescence. Monolayer cultures of HEF were infected with the same purified stock of BK virus and at the same input multiplicity that had been used for the electron microscopy experiments. After a 2 h adsorption period, the inoculum was decanted, the cells were washed 3 times with PBS and fed with MEM plus 5 ~ FBS. At intervals after infection cells were fixed in acetone and stained by the indirect immunofluorescence technique with a specific guinea-pig serum to BK virus and a fluorescein-conjugated rabbit antiserum to guinea-pig IgG (Hyland, Los Angeles, California).
RESULTS
At Io rain after infection, virus particles, 45 nm in diam., were adsorbed to cells, in many instances as a single layer along plasma membranes (Fig. 2) . At this time, as well as at 20 min after infection, the uptake of virus particles by cells was an occasional finding which involved single virus particles.
Uptake of virus by the cells was evident at 30 and 6o rain after infection and occurred by three mechanisms: (i) engulfment of single virus particles; (ii) simultaneous uptake of several virus particles within a single pinocytotic vesicle and (iii) uptake by means of vesicles derived from the endoplasmic reticulum which took up single virus particles. Some aspects of these uptake mechanisms are shown in Fig. 3 . Two h after infection the process of uptake reached its peak. Besides the ingestion of virus particles by pinocytosis (Fig. 4, 5, 6 ), the accumulation of endoplasmic reticulum vesicles at the plasma membrane became more evident and appeared to be the prominent mechanism of virus uptake at this stage of infection. The mechanism by which these vesicles apparently engulf the virus particles is shown in Fig. 7 -Many vesicles were aligned along the inner surface of the plasmalemma. Virus particles already adsorbed to the plasma membrane entered the vesicles and were transported into the cytoplasm. In some cases the number of these vesicles was remarkable and the figure of five elongated vesicles budding from the cisternae of the smooth or rough endoplasmic reticulum was frequently seen both in infected and in control cells (Fig. 7) . In some instances the fusion of monopinocytotic vesicles with larger vesicles, containing several viruses, was observed in the cytoplasm. These larger vesicles were frequently in close relationship with lysosomes and heterophagosomes.
At I2 h after infection large vacuoles, evident also at the light microscope level, appeared in the cytoplasm of infected cells (Fig. 8) . These vacuoles (i) had a limiting membrane of about IO nm in thickness like the plasma membrane; (ii) virus particles were adsorbed to the membrane but were not present in the lumen of the vacuoles; (iii) many uptake figures were seen at the level of their membrane (Fig. 8, insert ) as well as at the level of the plasmalemma. These observations suggest that the vacuoles represent cross-sections of deep invaginations of the plasmalemma inside the cytoplasm, although the possibility cannot be excluded that some of these vacuoles originate from fusion of smaller intracytoplasmic vesicles. This vacuolization of the cytoplasm was reversible, since it persisted only until 48 h after infection and was no longer detectable in more advanced phases of infection when the cytoplasm seemed to return to its normal condition. At ~2 h after infection numerous phagosomes were filled with virus particles. A small number of virus particles free of membrane envelopes were also scattered in the cytoplasm. At 12 h after infection virus particles were found in the nucleus of almost all the cells (Fig. 9, IO, I I) . In many instances single virus particles were observed inside a nuclear pore, just in the process of penetrating the nuclear membrane (Fig. I o) . These particles were devoid of the membrane coating which enveloped the virus in the cytoplasm. This may have been lost if the cytoplasmic vesicle fused with the nuclear membrane when the virus particle entered the nucleus. At 24 h after infection single virus particles were seen within the nucleoplasm (Fig. 12 ). All the virus-like particles found in the nucleus varied greatly in size according to the level of the section. Fig. 7 . 2 h after infection. In the upper part of the figure a nuclear envelope, just skimmed by the section, shows some pores (small arrows). In the central part a row of virus particles is present between two cells; numerous vesicles, some of which contain single virus particles, are aligned along the plasmalemma of both cells. Note in the lower part of the figure that these vesicles arise from the cisternae of the endoplasmic reticulum in a flower-like shape (large arrows). The limiting membrane of some of the cisternae is dotted with ribosomes. A t a4 h after infection the accumulation of virus particles within heterophagosomes was very p r o m i n e n t (Fig. ~e) , while almost no virus particles could be observed on the outer surface of the cell plasma membrane. At 3o h after infection virus particles were no longer detectable in the nucleus. Fig. 9-i2 h after infection. In the cytoplasm both single membrane-coated virus particles and a vacuole containing several virus particles are visible. Several virus particles devoid of membrane coating are present inside the nucleoplasm in close relationship with chromatin fibres; some virus particles are located in the boundary zone of the nucleus, just at the level of the nuclear pores (arrows). Fig. io. I2 h after infection. The nuclear membrane appears skimmed by the section and numerous virus particles (arrows) can be seen inside the nuclear pores, surrounded by chromatin fibres. Fig. t I . Iz h after infection. Several virus particles coated by a membrane layer are scattered in the cytoplasm near the nucleus. Some virus particles, one of which is located within a nuclear pore (arrow), can be seen inside the nucleus. Fig. i2 . 24 h after infection. Lysosomes containing virus particles are in close contact with the nuclear membrane. Some virus particles are present within the nucleoplasm (arrows). Fig. t3 . 5 days after infection. A nucleus appears almost completely filled with progeny virus particles. No virus particles are present in the cytoplasm. Fig. r4 . 8 days after infection. A highly degenerated cell shows numerous virus particles concentrated in the nucleus near to the nuclear membrane and closely associated with condensed chromatin 0arge arrows). Virus particles are present also in the cytoplasm in close contact with the membranes of the endoplasmic reticulum (small arrows). Virus replication took place from 4 to 6 days after infection when progeny virus particles appeared in the nuclei, filling almost all the nucleoplasm (Fig. I3) . Between 4 and 6 days after infection no virus particles were detected in the cytoplasm. Only in more advanced stages, at 8 days after infection, cellular degeneration was evident: nuclei broke down and the virus appeared in the cytoplasm, closely associated with the cytoplasmic membranes (Fig. I4) . Immunoftuorescent staining showed that virus antigens started to appear in the nucleus of infected cells at 40 h after infection. At 4 days after infection 7I % of nuclei in infected cells exhibited positive fluorescence for the capsid antigens (Table i) .
N . M . M A R A L D I AND O T H E R S
DISCUSSION
The morphological aspects of the infection of human embryonic fibroblasts by BK virus revealed some peculiar features. The mode of entry by pinocytosis was very similar to that described for many other animal viruses including SV4o (Hummeler et al. I97o) . However, another mechanism of penetration, which was prevalent at 2 h after infection, was observed in BK virus-infected cells, that is uptake of single virus particles by vesicles which seemed to originate from the endoplasmic reticulum. This uptake mechanism was not observed in Vero cells infected by purifed BK virus (N. M. Maraldi, unpublished observations) and was not stimulated in HEF by virus infection, since the same conspicuous amount of vesicles was observed in control cells. This particular mode of entry may depend on a functional state of fibroblasts in culture.
Virus particles passed into the nucleus between 2 and I2 h after infection and were detected in the nucleoplasm up to 24 h after infection. Although it is difficult to establish the mechanism by which virus particles penetrated the nuclear membrane, the morphological evidence suggests that the nuclear pores were the most common path of virus entry into the nucleus. The possibility that virus particles observed in the nucleus at I2 and 24 h after infection could represent early progeny virus was ruled out by the results of parallel immunofluorescence experiments, demonstrating that newly synthesized capsid antigens appeared in the nucleus not earlier then 4o h after infection. The fact that morphologically discernible virus particles could no longer be found in the nucleus at 3o h after infection may indicate that uncoating of virus particles proceeded in the nucleus between 24 and 3o h after infection. This suggestion is supported by the observation that the size of intranuclear virus particles was always less than that of virus particles adsorbed to the plasma membrane in the early phases of infection. Similar findings were described early after infection of permissive cells with SV4o (Hummeler et al. I97o) .
Virus maturation in the nucleus and release into the cytoplasm were slow processes. Virus assembly and maturation in the nucleus was evident between 4 and 6 days after infection, when many nuclei were found to be filled with virus particles without signs of virus release into the cytoplasm. Only later, at 7 to 8 days after infection, did the nuclei start to break down and to release virus particles into the cytoplasm. The results of the ultrastructural analysis then showed that the lytic cycle of BK virus in permissive cells was slow compared to that of the other well known papovaviruses, polyoma and SV4o (Mattern, Takemoto & Wendell, I966; Oshiro et al. I967) . This feature of BK virus may be associated with the low yield of infectious virus produced by BK virus-infected permissive cells. These characteristics may depend on the high number of defective and possibly interfering particles present in BK virus pools. For example in the present study, in spite of (i) the very low input multiplicity used to produce the crude virus stocks; (ii) the high degree of virus concentration and purification achieved and (iii) the low content of coreless virus particles, the infectious titre of the purified virus preparation was relatively low compared to the number of physical particles, calculated on the basis of the haemagglutinating activity (M~intyj~irvi et al. I972 ) . In fact, the ratio of FA f.f.u, to physical particles in our purified BK virus pool was r to Io 6, much lower than in purified SV4 o or polyoma virus pools which generally have a ratio of infectious units to physical particles of I to Io 1 to Io 2 (Winocour, I963; Hummeler et al. I97o) . This interpretation is supported by the observation that the same phenomena, namely decrease in infectious virus yieId and prolongation of the infectious cycle, occur with SV4o when the number of defective particles in virus stocks is increased (Yoshiike, I968; Lavi et al. I973) .
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